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Abstract Molybdenum oxide (MoO3) films were depos-

ited by sputtering of molybdenum target under different

substrate temperatures 303–673 K using DC magnetron

sputtering. Sputtered MoO3 films under optimized condi-

tions show nano structured grains whose size is around

140 nm, while roughness of the films will increase from 5.7

to 70 nm due to grain growth and mechanical stress devel-

opment on the films. The microhardness of MoO3 films

increased from 0.49 to 1.28 GPa with increase of substrate

temperature. The electrical resistivity of the MoO3 films at

303 K is 0.27 9 104 X cm increases to 1.9 9 104 X cm

with increase of substrate temperature and then decreases at

higher substrate temperature. The activation energies of the

films at higher temperature region was varied from 0.98 to

1.30 eV while at low temperature region the activation

energies were in the range 0.02–0.10 eV. The refractive

index of MoO3 films increases from 2.03 to 2.18 with

increase of substrate temperature from 303 to 673 K due to

packing density. The change in morphological and micro-

hardness properties can be explained due to the existence of

a mixed phases and stoichiometric films.

1 Introduction

To meet the required demands of sensing technology,

materials must be deposited with suitable compositions,

crystallographic structure and morphology, mechanical,

electrical and optical properties. Transition metal oxides

such as molybdenum oxide (MoO3), vanadium oxide

(V2O5) shows different characteristics which can be used in

fabrication of nanostructured devices like super capacitors

[1], memory devices [2], chemical and biological sensors,

spintronics and biomedicine [3–5]. More over molybde-

num oxide (MoO3) shows versatile behaviour like chro-

mism and optical modulation [6–8]. Hence it is desirable to

study the properties of the molybdenum oxide at the

nanoscale for its effective utilization. Among transition

metal oxides, Molybdenum oxide has been widely used for

different applications because of its interesting structural,

mechanical and electrical properties. However, nanosized

MoO3 films can offer large surface area to volume ratio and

good electrochemical stability due to energy difference

between a cation dn and either a dn?1 or dn-1 configuration

is often small and has wide range of oxidation states [9].

Hence they are more sensitive to environment. To study the

structural sensitive properties, far off MoO3 films were

deposited under various deposition techniques such as

thermal evaporation [10], pulse laser deposition [11],

chemical vapour deposition [12, 13], sol–gel process [14],

spray pyrolysis [15, 16], electron beam evaporation [17,

18], DC sputtering [19–21] and RF sputtering [22–24].

Among these techniques, DC magnetron sputtering is often

industrially practiced method for the growth of oxide films

on large area substrates. The physical behaviour of the

deposited oxide films by above method depends on the

oxygen partial pressure, substrate temperature, sputtering

power and substrate bias voltage. In our earlier investiga-

tions, MoO3 films were deposited by DC magnetron

sputtering at oxygen partial pressures [25], substrate tem-

peratures [26], sputtering power [27] and substrate bias

voltage [28] and studied their structures, electrical and

optical properties. The main objective of this paper
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includes the detailed study of microstructural characteri-

zation of the films by studying their composition, surface

roughness using morphology, mechanical, electrical and

optical properties supportive to the previous results. In

future, these properties can be utilized to deposit the

X-MoO3 (X = Zn, W) films while measuring sensitivity

for NH3 and H2S gases.

2 Experimentation

DC reactive magnetron sputtering technique was employed

for deposition of molybdenum oxide films on to glass and

silicon substrates by sputtering of molybdenum target at

fixed oxygen partial pressure of 2 9 10-4 mbar and at

different substrate temperatures in the range 303–673 K.

The sputter chamber was evacuated to an ultimate pressure

of 5 9 10-6 mbar by using diffusion pump backed by

rotary pump. Penning and Pirani gauges were used to

measure the pressure in the sputter chamber. Circular

planar magnetron target assembly of 50 mm diameter with

sputter down configuration was employed for deposition of

the experimental films. After achieving the ultimate vac-

uum, required quantities of reactive gas of oxygen and

sputter gas of argon were introduced into the sputter

chamber through fine controlled needle valves. The flow

rate of oxygen and argon were individually controlled by

Tylan mass flow controllers. Continuously variable DC

power supply of 1000 V and 1 A was used for sputter

deposition of the films. The deposited films were charac-

terized for their chemical composition and core level

binding energies were determined by X-ray photoelec-

tron spectroscope (KRATOS-AXIS 165). Crystallographic

structure and crystallite size of films was determined with

X-ray diffractometer (Seifert Model 1003 TT). Surface

morphology of the deposited films were analysed by using

atomic force microscopy (AFM) Nanoscope III. The

mechanical properties like micro hardness developed

within the films have been measured using Nano Indenter

XP instrument. The electrical resistance of the films was

measured Keithley (Model 610 C) electrometer. The opti-

cal transmittance of the films was recorded by UV–Vis–

NIR (Hitachi U-3400 UV–Vis–NIR) double beam spec-

trophotometer. The deposition parameters maintained

during the preparation of the MoO3 films are given

Table 1.

3 Results and discussions

The dependence of the deposition rate of MoO3 films on

the substrate temperature is shown in Fig. 1. The depo-

sition rate of the films increased from 21.45 to

23.62 nm min-1 when substrate temperature increased

from 303 to 523 K. The initial increase of deposition rate at

lower substrate temperature was attributed to the lower

adatom mobility on the substrate surface. Further increase

of substrate temperature to 673 K, the deposition rate start

to decreased and reached to a minimum value of

22.56 nm min-1. The decrease of deposition rate at higher

substrate temperatures may be due to the balance between

the number of atoms arriving on the substrate and atoms

leaving from the substrate surface which resulted re-

evaporation of the films hence of lower deposition rate

[29].

Figure 2 shows X-ray diffraction profiles of MoO3 films

deposited at different substrate temperatures. The film

deposited at room temperature (303 K) is dark in colour

which shows no diffraction peaks can be attributed to low

deposition rate. Absence of diffraction peaks at lower

temperature would indicate the presence of different

molybdenum species [30]. As the substrate temperature

increased to 423 K, weak intense peaks at 2h = 12.8o,

23.04�, 25.70�, 39.05� and 49.29� were observed. They

were related to the (020), (011), (040), (060) and (002)

reflections indicate the onset of crystallization. As substrate

Table 1 Deposition parameters fixed for the growth of the MoO3

films

Sputter target Molybdenum (50 mm diameter)

Target to substrate distance 75 mm

Ultimate pressure (Pu) 5 9 10-6 mbar

Sputter pressure (Pw) 4 9 10-2 mbar

Oxygen partial pressure (pO2) 2 9 10-4 mbar

Substrate temperature (Ts) 303–673 K

Sputtering current 250 mA
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Fig. 1 Dependence of deposition rate of MoO3 films with different

substrate temperatures
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temperature increases to 523 K, relative intensities of the

(020), (040) and 060) peaks increased with disappearance

of (011) reflection. Further increase of substrate tempera-

ture from 523 to 673 K, phase transition took place from a-
phase to b-phase (orthorhombic and monoclinic). This

result is confirmed from FWHM of the most intense peak

(040) reduces as substrate temperature increases from 523

to 673 K and such variation was also observed by Martinez

et al. [15]. The crystallite size of the films was evaluated

from the diffraction peak of (040) using Scherrer’s relation

[31].

L ¼ 0:9k
b cos h

ð1Þ

where b is the full width at half maximum (FWHM)

intensity. The FWHM and crystallite size of the films for

the peaks (040) increases from 25.6 to 140 nm with

increase of temperature from 303 to 523 K, and then

decreases to 82 nm as the temperature increased to 673 K.

Intensity of the peak (040) increased gradually with

increase of substrate temperature from 303 to 523 K due to

enhancement in the horizontal velocity of the adatoms and

condensation coefficient during cluster formation which

causes an improvement in crystallinity [32]. The films

deposited at 673 K showed a phase change from a-phase to
a- and b-phases with a predominant (021) and (002) peaks,

which might be due to the structural reorientation (or) re-

evaporation of molybdenum results in the decrease of

crystallite size. Dhanasankar et al. [14] observed that the

grain size of sol–gel processed MoO3 films decreased from

30 to 29 nm with increase of annealing temperature from

473 to 523 K respectively. Figure 3 shows the XPS spec-

trum of the MoO3 film deposited at 523 K. The peak

observed at 530.54 eV related to the core level binding

energy of oxygen O 1s and the peaks located at 415.7 and

395.55 eV were the molybdenum Mo 3P1/2 and Mo 3P3/2

respectively. The peak situated at 282.3 eV related to the

carbon C 1s due to the contamination on the surface of the

films because of exposure to the atmosphere. The C 1s peak

was disappeared when the films were sputter etched by

argon ion bombardment for 5 min in the XPS system. The

peaks observed around 232.77 and 235.90 eV were of Mo

3d5/2 and Mo 3d3/2. The peaks seen at about 66 and

40.42 eV were the core levels of Mo 4s and Mo 4p

respectively. The spectrum of the Mo 3d doublet at 523 K

and oxygen (O 1s) core levels binding energy of MoO3

films formed at different substrate temperatures is shown in

Fig. 4. Table 2 shows the core level binding energies of the

molybdenum and oxygen present in the MoO3 films. The

core level binding energies of Mo 3d5/2 and Mo 3d3/2 peaks

increased from 232.44 to 232.89 and 235.58 to 236.01 eV

with the increase of substrate temperature from 303 to

623 K, which was discussed in detail [23]. The core level

binding energy of oxygen in deposited films was increased

from 530.29 to 530.68 eV with the increase of substrate

temperature from 303 to 673 K respectively. The increase

in the binding energy of O 1s with the increase of substrate

temperature was attributed to the deficiency of oxygen ion

vacancies. It is revealed that the MoO3 films formed at a

higher substrate temperature ([523 K) were polycrys-

talline due to deficiency in oxygen ion vacancies which

confirms from XRD data.

Surface morphology plays an important role on sensi-

tivity of the films and significantly varies with substrate

temperature. The AFM micrographs of the films are shown

in Fig. 5. MoO3 films deposited at 303 K showed small

islands which were homogenous and uniform. The size of

initially formed nuclei would be small due to the substoi-

chiometric nature as revealed by XPS and XRD. As the

substrate temperature increased from 423 to 673 K, the size

of the nuclei also increases and grown like sharp needle

structure. When substrate temperature increased to 673 K,
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Fig. 2 X-ray diffraction profiles of MoO3 films deposited at different

substrate temperatures
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Fig. 4 XPS core level binding

energies of Mo 3d and O 1s of

MoO3 films formed at different

substrate temperatures

Table 2 Core level binding

energies of molybdenum and

oxygen in the MoO3 films

formed at different substrate

temperatures

Substrate temperature (K) Binding energy (eV)

Mo 3d5/2 Mo 3d3/2 O 1s

Mo6? Mo5? Mo6? Mo5?

303 232.44 231.23 235.58 234.21 530.29

423 232.49 – 235.64 – 530.17

523 232.77 – 235.90 – 530.54

673 232.89 – 236.01 – 530.68

Fig. 5 AFM micrographs of MoO3 films formed at different substrate temperatures. a 303 K, b 423 K, c 523 K, d 673 K

J Mater Sci: Mater Electron (2016) 27:3668–3674 3671

123



grains appear to be quasi cylindrical nuclei in random

direction; this is due to the polycrystalline nature as con-

firms from XRD studies. Such a morphological nature of

MoO3 films was reported by thermal and electron beam

evaporated films [33, 34]. AFM also used to measure the

root mean square roughness (Rrms) of the films [35]. Fig-

ure 6 shows the variation of surface roughness (Rrms) and

peak-to-valley roughness (Rp–v) with substrate tempera-

ture. From the Fig. 6 it is observed that both Rrms and Rp–v

values increased with increase of substrate temperature and

roughness of the films were in the range 5.70–71.4 nm.

Although both Rrms and Rp–v values are seems to be dif-

ferent, each value can describe more specific morphology.

From AFM it has been observed that the grain size of the

films increased from 50 to 226 nm due to segregation of

crystallites. Mohamed et al. [36] showed the roughness of

as deposited films increased with the increase of annealing

temperature which attributes the grain growth and the

stress builds up in during heating and subsequent cooling.

Core et al. [37] noticed the Rrms and Rmax of the annealed

MoO3 film were 144 and 795 nm. It clearly indicated that

surface roughness of the films increases due to grain

growth and mechanical stress development within the

films.

Figure 7 shows the microhardness of MoO3 films

deposited at different substrate temperatures. Microhard-

ness of MoO3 films increased from 0.49 to 1.28 GPa with

increase of substrate temperature from 303 to 673 K. Low

value of microhardness of the films deposited at 303 K was

due to amorphous nature and the presence of oxygen ion

vacancies [38]. The microhardness of stoichiometric MoO3

films deposited at 523 K was 1.12 GPa due to improve-

ment in the packing density by partial filling oxygen ion

vacancies. Further increase of substrate temperature to

673 K, microhardness increases to 1.28 GPa due to

enhanced surface roughness of the polycrystalline MoO3

[30]. Figure 8 shows the dependence of stress on the sub-

strate temperature of MoO3 films. The internal stress in the

films was calculated using the relation,

rintrinsic ¼ Yða� a0Þ2ca0 ð2Þ

Here a is the lattice constant, a0 the bulk lattice constant

and c the Poisson’s ratio. From Fig. 8 it is seen that internal

stress of the films deposited at room temperature was

-430 GPa indicates the compressive stress. As substrate

temperature increased to 373 K, compressive stress

decreases to -160 GPa. Further increase of substrate

temperature from 523 to 673 K the stress had transformed

from compressive to tensile and reached to a value 36 GPa.

The compressive stress developed within the film was up to

423 K attributed to lattice distortions because of amor-

phous nature of the films and presence of mixed oxidation

state of MoO3 which is revealed by XRD. The tensile stress

which starts to build up above 523 K is clear evidence for

improvement in the grain size as seen in AFM. Figure 9
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Fig. 6 Variation of surface roughness (Rrms and Rp–v) values of

MoO3 films with substrate temperature. a 303 K. b 423 K. c 523 K.
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shows the variation of electrical resistivity of MoO3 films

with substrate temperature. The electrical resistivity of

MoO3 films formed at 303 K was low value of

2.7 9 103 X cm due to both valence band and conduction

band is free from charge carriers. As substrate temperature

increases to 423 K, the electrical resistivity increases to

1.9 9 104 X cm due to donor atoms get ionized and

increase in the electron concentration in the conduction

band. Hence resistivity increases due to electron mobility

and also due to presence of substitution ions during

deposition [39]. As temperature increases to 523 K, resis-

tivity decreases to 3.5 9 104 X cm due to increase in

thermal energy leading to the formation of compact crys-

talline MoO3 films with cylindrical structure grains size

and due to electron charge transfer. Though the carrier

mobility decreases with increase of substrate temperature

to 673 K, its effect is overcome by the large number of

carriers produced by thermal agitation, resulting in reduc-

tion in grain size. Hady et al. [40] also observed that

resistivity of sputtered MoO3 films decreases at higher

substrate temperatures; this is due to increase in grain size.

Figure 10 shows the dependence of log r with the (1000/T)

for the films formed at different substrate temperatures.

From the Fig. 10 it is clear that the electrical conductivity

of the films increased exponentially with the increase of

temperature. The curve supports two transport mechanisms

with in deposited films. The activation energies of the films

deposited at higher temperature region was varied from

0.98 to 1.30 eV while at low temperature region the acti-

vation energies were in the range 0.02–0.10 eV. These

activation energy values indicate that the electrical con-

duction in the films deposited at high temperatures was due

to the band to band transition at low temperatures due to

hopping conductivity [41]. It is attributable to the forma-

tion of the large number of oxygen ion vacancies in the

deposited films. It is to mention that Krishna Kumar [42]

achieved the activation energies of 1.35 and 0.46 eV at

high and low temperature region in thermal evaporated

films, while low activation energy of 0.68 and 0.78 eV at

higher temperature region in electron beam evaporated

films [17]. Martinez et al. [15] also reported that activation

energy was 0.9 eV at high temperatures where as 0.02 eV

at low temperatures. It was reported that the optical band

gap increased from 3.03 to 3.22 eV with increase of sub-

strate temperature from 303 to 523 K. And it decreased to

3.15 eV with further increase of substrate temperature to

623 K [26]. The variation of refractive index with the

substrate temperature at particular wavelength of 500 nm is

shown in Fig. 11. The refractive index of MoO3 films

deposited at room temperature was 2.03. As the substrate

temperature increased to 673 K, the refractive index of the

films increases to 2.18. Low refractive index in the films
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formed at room temperature was due to low packing den-

sity due to amorphous nature, whereas those films formed

at higher substrate temperatures the increase in the

refractive index was due to improvement in the packing

density and improved stoichiometric MoO3. Mohamed

et al. [36] observed that the refractive index of the MoO3

films decreased with the increase annealing temperature.

From the above results, it revealed that the nanostructured

MoO3 films grown at 523 K were of better surface mor-

phology and roughness in the order of 56 nm and high

optical band gap which is chemically stable and electrical

resistivity of 5 9 104 X cm. Because of these properties,

MoO3 films can be used to sense different gases like

ammonia, carbon monoxide and methane.

4 Conclusions

Thin films of MoO3 were deposited on Si and glass sub-

strates by DC reactive magnetron sputtering at different

substrate temperatures. The influence of substrate temper-

ature on the structure, surface morphology and mechanical

properties of the films was investigated. The MoO3 films

deposited at 523 K were stoichiometric in nature with

crystallite size 140 nm and roughness of about 33.2 nm.

The microhardeness of MoO3 films formed at 523 K was

1.1 GPa and electrical resistivity of 3.5 9 104 X cm with

refractive index of 2.10. It is concluded that the MoO3

films deposited at substrate temperature of 523 K can be

used to sense the different gases. Sensitivity of the MoO3

films is appreciable towards different gases due to the

formation of sub oxides of molybdenum.
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